ABSTRACT
positive and Gram-negative bacteria. Glycine is required as precursor to produce ammonia, 23 and inactivation of the glycine cleavage system annihilated air-borne antibiosis. As a 24 resistance strategy, E. coli cells acquired mutations resulting in reduced expression of the 25 porin master regulator OmpR and its cognate kinase EnvZ, which was just enough to allow 26 them to survive. We further show that ammonia enhances the activity of the more costly 27 canonical antibiotics, suggesting that streptomycetes adopt a low-cost strategy to sensitize 28 competitors for antibiosis over longer distances. compounds (VOC) with antibacterial activity is the sesquiterpene albaflavenone produced by 49 Streptomyces albidoflavus (Gurtler et al 1994) . 50 The natural role of antibiotics is subject to intensive debate. It has been argued that 
63
There is also some experimental evidence that suggests that VCs may affect membrane 
MATERIALS AND METHODS

78
Strains, media, culture conditions and antimicrobial assays. 79 Strains used in this study are listed in Volatile antimicrobial assays were performed using a petri dish with two 84 compartments, one filled with SFM media for Streptomyces growth and the second one with 85 LB +/-TES buffer 50-100 mM. Streptomyces strains were streaked on the SFM side and 86 allowed to grow for 5 days after which, E. coli or B. subtilis were inoculated on the LB side 87 using a concentration of 10 4 and 10 3 cfu/mL respectively. After 5 days, the ammonia was determined using the Quantofix® ammonium test kit.
126
Pictures were recorded to obtain a qualitative measurement of ammonia production from 127 each strain. reference and calculation of the transcript levels was performed using the "RNA-Seq" option. per antibiotic were tested: ampicillin 500, 31 μg/mL; erythromycin 250, 31 μg/mL; 219 kanamycin 1000, 500 μg/mL; tylosin 500, 62 μg/mL; actinomycin 500, 62 μg/mL; 220 spectinomycin 1000, 500 μg/mL; streptomycin 500, 62 μg/mL. Plates were incubated at 37°C Figure 1A) . B. subtilis was not inhibited by any of the former strains. 238 We then wanted to assess whether the production of antimicrobial volatile 239 compounds (AMVCs) could be elicited by varying the growth conditions. We previously 240 showed that growth at pH 10, N-acetylglucosamine, starch or yeast extract pleiotropically 241 enhanced the production of antibiotics in many Streptomyces species (Zhu et al 2014) . under any of the conditions tested (Table S2) . buffered with 50 mM TES (pH 7). However, the pH itself was not the cause of the inhibition, 274 since the E. coli cells grew apparently normal on media adjusted to pH 9 ( Figure 2C ). Also, we 275 previously showed that even at pH 10 antibiotic susceptibility is similar to growth at pH S. venezuelae and S. griseus (the latter only with added Gly/NaOH buffer pH 10) had 290 accumulated between 15-30 mM ammonia ( Figure 3A) . 291 This strongly suggested that ammonia was the AMVC produced by the strains. 292 Indeed, E. coli failed to grow on media with 20 mM ammonia or higher, while growth of B. Ammonia is derived from glycine cleavage 297 We then wondered if ammonia was generated from glycine metabolism, because a 298 glycine/NaOH buffer was used to set the pH. A major pathway for the catabolism of glycine 299 is the glycine cleavage system (GCV) that converts glycine into CO2, ammonia and a 300 methylene group that is transferred to tetrahydrofolate (THF) to form N5, N10-methylene- streptomycetes may produce so much ammonia that it inhibits the growth of other bacteria. 308 We then tested the direct involvement of the GCV system(Tezuka and Ohnishi 2014), 309 which consists of three enzymes (GcvL, GcvP, GcvT) and a carrier protein: GcvH ( Figure 4B ). 310 Conversely, gcvP mutants of S. coelicolor (Zhang 2015) and gcvT mutants of S. griseus (Tezuka 311 and Ohnishi 2014) were unable to produce ihibiting amounts of ammonia, even when grown 312 on high amounts of glycine. A mutant of S. griseus lacking the 5'UTR of gcvP (Tezuka and 313 Ohnishi 2014) still produced sufficient ammonia to inhibit the growth of E. coli cells, but this 314 was annihilated by the additional deletion of gcvT ( Figure 4A ). Taken together, this strongly 315 suggests that in both S. coelicolor and S. griseus, volatile ammonia is primarily derived from 316 the GCV system, and as expected, GcvT is the key enzyme responsible for the production of 317 ammonia from glycine. Inactivation of gcvP is also sufficient to block volatile ammonia 318 production in S. coelicolor, fully in line with the idea that the key system is GCV, while in S. 319 griseus GcvP can be by-passed by another (yet unknown) enzyme.
320
A major difference between S. coelicolor and S. griseus on the one had, and S. Table S4 for the full dataset). Table 1 shows genes highly up/down 363 regulated as a result of a clustering analysis using a cut-off value of a fold change +/-2.0.
364
These data confirm the downregulation of ompR and envZ genes and other related genetic 365 elements like omrA, a small mRNA that negatively regulates ompR expression. Additionally, 366 genes involved in amino-acid metabolism were down regulated, including the astABCE gene 367 cluster involved in the ammonia-producing arginine catabolic pathway, aspA that is involved 368 in the conversion of L-aspartate into fumarate and ammonia, and tnaC for catabolism of 369 tryptophan, which again releases ammonia. 370 To confirm that indeed the reduced transcription of ompR-envZ was the major cause In conclusion, our work shows that several streptomycetes use ammonia as a low- 
